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Many studies have been made of the surface reactions relevant to GaAs metalorganic vapor-phase epitaxy ͑MOVPE͒ using trimethylgallium ͑TMGa͒ and arsine (AsH 3 ).
1- 16 Many mechanisms have been proposed for this process as well.
1,2,4,6-8 However, few if any of these have included the effect of the GaAs surface structure on the reaction kinetics. During MOVPE at 500-700°C, the decomposition of TMGa is controlled by the rate of mass transfer of the molecule to the surface.
1-3 By contrast, the decomposition of AsH 3 is controlled by the intrinsic rates of AsH 3 adsorption and As 2 and As 4 desorption. These reactions depend on the GaAs͑001͒ structure, and therefore, any realistic model of the MOVPE process must include this dependence.
The desorption of arsenic from GaAs͑001͒ was studied by Banse and Creighton.
12 They found that this process occurs in three distinct stages as the As coverage decreases. Arsenic tetramers, As 4 , desorb first at 1.75-1.00 monolayers ͑ML͒ of As; then arsenic dimers, As 2 , desorb in two bursts at 1.00-0.75 ML of As and at 0.75-0.25 ML of As. These reactions produce three peaks in the temperatureprogrammed desorption ͑TPD͒ spectrum that are denoted as the ␥, ␤, and ␣ states, respectively. Banse and Creighton's TPD spectra are reproduced in Fig. 1 . Subtracted out of these spectra is the arsenic that desorbs due to the sublimation of the crystal at temperatures above 600°C.
We propose that the three desorption peaks result from changes in the reconstruction of GaAs͑001͒ as it is transformed from an As-rich to a Ga-rich condition. Table I lists the reconstructions that are observed at different As coverages. 17, 18 Also shown are the amounts of adsorbed As and the As 2 or As 4 desorption states that correspond to each coverage range. 12 Note that all the arsenic is desorbed at an As coverage of 0.25, since no stable surface structures exist below this value. At As coverages р0.75, the adsorbed arsenic bonds to Ga atoms in the second layer, giving rise to the ␣ desorption state. Conversely, at As coverages Ͼ0.75, the additional arsenic bonds to As atoms in the first layer, yielding the lower temperature ␤ and ␥ desorption states. These assignments are consistent with the expectation that arsenic bonded to gallium should be more strongly held than arsenic bonded to arsenic.
To solve for the As coverage under MOVPE reaction conditions, one must account for the rates of AsH 3 adsorption, of GaAs deposition, and of As 2 and As 4 desorption. A mass balance on the adsorbed arsenic is
In this expression, [L] is the density of surface sites ͑equal to 1.0 per ͑1ϫ1͒ unit cell, or 6.26ϫ10 14 cm Ϫ2 ͒; N is Avogadro's number; R a is the AsH 3 adsorption rate; R g is the GaAs growth rate; R ␥ is the As 4 desorption rate from the ␥ state; and R ␤ and R ␣ are the As 2 desorption rates from the ␤ and ␣ states ͑in units of mol/cm 2 s͒. The adsorption and desorption rates in Eq. ͑1͒ are dependent on the coverage regime present. For 1.00Ͻ As р1.75, R ␣ ϭ0 and 
For 0.75Ͻ As р1.00, Eq. ͑2͒ applies; R ␥ ϭ0, and
For 0.50Ͻ As р0.75, R ␥ ϭR ␤ ϭ0, and
For 0.25Ͻ As р0.50, R ␥ ϭR ␤ ϭ0, and
Here v and C AsH 3 are the mean molecular speed ͑cm/s͒ and gas-phase concentration (mol/cm 3 ) of AsH 3 ; T is the substrate temperature (K); S 0g and S 0a are the initial, reactive sticking probabilities of AsH 3 on Ga and As dimers, respectively; and A (s
Ϫ1
͒ and E ͑kJ/mol͒ are the frequency factor and activation energy for As 2 for As 4 desorption, with the subscripts ␥, ␤, and ␣ referring to the three desorption states.
Very little experimental data is available on the kinetics of arsine adsorption on GaAs͑001͒. Banse and Creighton 12 measured the increase in As coverage as a function of the AsH 3 dosage at temperatures between 100 and 350°C. Their data showed an initial rapid uptake of arsenic followed by a much slower rate of increase with longer dosage times. We were able to fit their results with Langmuir rate expressions ͑as given above͒, and by assuming that the initial sticking probability on Ga dimers is much higher than that on As dimers. A good fit was achieved with S 0g ϭ1ϫ10 Ϫ3 and S 0a ϭ1ϫ10 Ϫ5 . In our kinetic model, arsine adsorbs only on As sites above As ϭ0.75, only on Ga sites below As ϭ0.50, and on both sites at coverages between these limits.
We have assumed that the desorption rates of As 2 and As 4 are first order in adsorbed arsenic, and that the frequency factors for desorption are 1ϫ10 13 s
. 12 First-order desorption is consistent with the observed lack of dependence of the TPD peak maxima on As coverage. In the rate expressions presented above, coefficients were inserted into the equations to account for the areal density of species desorbing from the surface. These densities are obtained from the reconstrutions. For example, Eq. ͑3͒ represents the rate of As 4 desorption from the ␥ state. This rate is a maximum at As ϭ1.75 ML, and it drops to zero at As ϭ1.00. ML. At the maximum, three As 4 molecules desorb from each c(4ϫ4) unit cell or, equivalently, from every sixteen ͑1ϫ1͒ unit cells. Therefore, the term after the exponent in Eq. ͑3͒ must equal 3/16 at As ϭ1.75 ML.
Equations ͑1͒-͑10͒ may be used to simulate the temperature-programmed desorption of arsenic from GaAs͑001͒. In this case, R a and R g are set to zero, since there is no arsine present and no film growth. Also, time is related to temperature through the heating rate, which is 5 K/s. 12 To solve for the As coverage as a function of temperature, we employed a fourth-order, Runge-Kutta numerical method. A least-squares fit of the mass balance equation to Banse and Creighton's TPD spectra was done to evaluate the activation energies for desorption of As 2 and As 4 . A comparison of the simulation to the experiment is shown in Fig. 1. An excellent fit is achieved for E ␥ , E ␤ , and E ␣ equal to 44.1, 47.9, and 53.0 kcal/mol, respectively. These activation energies closely match those determined by Banse and Creighton using Redhead analysis ͑i.e., 44, 47, and 52 kcal/mol͒. 12 In order to simulate the MOVPE process, the GaAs growth rate needs to be specified. For deposition at 500-700°C, the mass flux of TMGa to the surface determines the growth rate. This flux is proportional to the partial pressure of TMGa and to the thickness of the mass-transfer boundary layer. Based on data presented in the literature, 1-3 the growth rate can be assumed to be 18 m/h (1.85ϫ10
Ϫ8 mol/cm 2 s) for an inlet partial pressure of 1.5ϫ10
Ϫ4 atm of TMGa. The amount of arsine fed to the reactor is always held constant at a fixed ratio relative to the group III source. For 1.5ϫ10 Ϫ4 atm of TMGa in the feed, the arsine concentration above the surface is given by
where V/III is the mole ratio of AsH 3 to TMGa and R is the ideal gas constant. This equation is valid for arsine conversions less than 10%. In addition to solving for the As coverage during MOVPE, one can determine the AsH 3 selectivity to growth, which is the amount of arsine consumed in the film relative to the total amount consumed in producing GaAs, As 2 , and As 4 . The arsine selectivity to growth is equal to the ratio of the growth rate to the arsine adsorption rate, SϭR g /R a . Presented in Fig. 2 are the dependencies of the As coverage and the AsH 3 selecitivity to growth on the V/III ratio and temperature. In addition, Fig. 3 shows how the As 2 and As 4 production rates depend on these two reactor variables. The kinetic parameters used in these calculations are the same as those used to fit the TPD data. As the V/III ratio increases from 2 to 30, the arsenic coverage rises from 0.5 to 0.75. In this range, the coverage is insensitive to the substrate temperature due to the relatively high sticking probability of arsine (S 0g ϭ1ϫ10 Ϫ3 ) and to the high activation barrier for As desorption from Ga dimers (E ␣ ϭ53 kcal/mol͒. At V/III ratios between 40 and 1000, the As coverage rises from 0.75 to a maximum of 1.75. Here, the substrate temperature has a strong effect on the coverage because of the lower AsH 3 sticking probability on As sites (S 0a ϭ1ϫ10 Ϫ5 ) and the lower activation barriers for As 2 and As 4 desorption (E ␤ ϭ48 kcal/mol and E ␥ ϭ44 kcal/mol͒. The curves shown for As coverage versus V/III ratio and temperature are sensitive to the magnitudes of the AsH 3 sticking probabilities. Careful measurements of the arsine adsorption kinetics on different GaAs͑001͒ reconstructions are needed to obtain accurate values for the sticking parameters.
Below an As coverage of 0.75, Ga dimers will form on the GaAs͑001͒ surface. Gallium dimers are believed to be the sites for TMGa dehydrogenation into adsorbed gallium and carbon. 13 This reaction must be avoided during crystal growth so that the GaAs film does not become heavily doped with carbon. According to Fig. 2 , the As coverage may be maintained above 0.75 by operating at V/III ratios greater than 10. This ratio is in good agreement with the accepted operating window for MOVPE growth of high-quality epitaxial layers of GaAs. [1] [2] [3] As shown in Fig. 2 , the arsine selectivity to growth is essentially 100% for V/III ratios of 2-80 and temperatures of less than 600°C. Under these conditions, there is very little production of As 2 and As 4 ͑cf., Fig. 3͒ , However, at 700°C, or at V/III ratios from 100 to 1000, the selectivity is much lower due to the substantial amounts of As 2 and As 4 produced. The trends shown in Fig. 3 at high V/III ratios illustrate the strong dependence of the As 2 and As 4 desorption rates on temperature. It would be interesting to compare these predictions to measurements of the production rates with a mass spectrometer.
The model described here illustrates how the phase behavior of GaAs͑001͒ impacts the mechanism and kinetics of reactions on this semiconductor surface. Further experiments are needed to determine accurate values for some of the rate parameters. This work should, nonetheless, serve as a framework for incorporating ''site-specific'' kinetics into mathematical models of III/V MOVPE reactors. 
